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ABSTRACT 

January 21, 1957, is studied  and  the  vorticity  and  horizontal  divergence  patterns  are 
computed  from  analyzed  synoptic  maps at low and  high  elcvations of the  troposphere.  Contour  and  streamline 
charts for the period  are  presented  to  show  that  considcratiorl of many of the  synoptic  parameters  ordinarily used 
in  analysis  and  forecasting  would  not  lead one t o  expect  such  heavy  rainfall.  Computat,iolls of divergence  are 
compared  with  the  rainfall  charts  in  an  effort  to  determine  the  cause of the  heavy  rainfall  which  varied  in  amount  up 
to  2154 inches  within a 24-hour  period.  The  divergence  pattcrns  move  horizontally  with  time  in  such a manner  that 
a high-level divergence area becomes  superimposed  over a low-level convcrgencc  area at   the  t ime of heavy  rain. 

1. THE  RAIN 

Over 21 inches of rain fell in a limited area in  southcrn 
Florida during a rait~storrn  on January 21, 1957. Figure 1 
shows the  rainfall  dist'ribution,  in  inches,  for the storm. 
Amounts of 21.03 and 21.04 in. were recorded-at West, 
Palm  Beach Water Co., gages 1 4 0  and 2-25, respcctivclJ-, 
both of wllicll tire about 5 milcs southwcst of the West 
Palm  Beach  Airport.  A few miles farther  south :L fall of 
21.5 inches was recorded  at'  the  f:mn of Dan Smith.  His 
gage  is a small  plastic  one whic*h  ads to  only 5 inchcs. 
However, ?&fr. Smith,  watching  tlle  rain  from a packing 
shed, dumped  thc  gage each time  it reached 456 inchcs; 
this  occurred 4 tirncs  with  3.1  atlditiond  for a total of 21.1. 
However,  t'lwre was :t spray barrel on thc grounds wlticll 
had becn rinsed and drained t,hc t l a y  bcfore. After tllc 
rain (nest day) Mr.  Smith  nleasurcd 21.5 inches of water 
in  the barrel.' He st'atcd that 16 inches fell hctween 11 

Over 9  inches of rain fell :it recording  stations  dong  the 
sout'heastern shore of Lake Okccchobce. Of these  :unounts 
an average of 6 to 7 inches fell between 4 a . m .  :md 10 a . m .  

EST, m d  less t'l1:tn 0.20 after 4 p.m.  Fivc miles irllarld from 
Boca Raton, 17 to 18 inches of rain were recorded  during 
the  duration of tjhe storm. Along the  Atlantic Coast a d  
at  the  Weatller  Bureau  Airport  Stat'ion st West Ptrlm 
Beach the total was 6.33 inches, of which 4.70 inches fell 
between 5 p.m. t m d  7 p.m. EST, and only 0.04 after m i d -  
night. 

The  rainst'orrn as a whole nloved  from west to east.  A 
time series of pictures  t'nkcn of the  radarscope at  the LTni- 
versity of Miami [I] shows that while t'lle main  rain  ctll 
was moving  slohly  eastward  it was continually  being  rein- 
forced by  small cells that moved  in  from  the  east'. (One 
picture  is sbown in fig. 2).2  Rai!gdls  dissipated as they 

ti.111. a d  4 p.111. EST. 

Station,  West Palm Reach, after  interviewing Mr. Smith. 

Laboratory, University of Miami. 

1 Reported h y  dack L. Hudnall ,  lZlcteornlngist in  Chargr, TVeather Bureau Airport 

2 Prepared and analyzed h y   M r .  L. F. Connvcr from pictlms  taken  at   the Radar 

3 . Lsler. 

/ 

RAINFALL (INCHES) 

FIGI-RE 1.-Rainfall (inches)  for  the  storm.  Most of thc  rain  fell 
in less than 24 hours. The very  heavy  rainfall  lasted less than 
5 hours a t  most stations. 
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FIGURE 3,"Streamlines (solid) and  isotachs  in  knots  (broken)  for  the  day  prcccding  the heavy rain. (A) 250 mb., 1500 GMT, Jan.  20; 
(B) 250 mb., 0300 GMT, Jan. 21; (C) 2,000 ft., 1500 GMT: Jan. 20 (Ship winds a t  1230 ohm); (D) 2,000 ft., 0300 GMT, Jan. 21,  1957 (Ship 
winds a t  0030 GMT).  The  black  dot  near  West Palm Beach  marks the location of the  hcaviest  rainfall. 

arrived over  the  area  coincident  with  t'he  arrival of an area 
of convergence in  the low-level  wind field which  moved i n  
from the  east-southeast.  The  time-lapse  movies of the 
radarscope  locat'ed at   the LTniversity of Xliarni reveal a 
movement pattern of the echoes  which lends  support to 
these hypotheses. 

Streamlines and isotach  charts are presented  in figures 
3 and 4. (The  heavy  rain  started a little before the  time 
of the first two charts in figure 4 and mas over  by  the  time 

of the second  two.) At  both levels the  streamlines  are 
either  straight or curved  antic~yclonically.  The clue to the 
cause of the rain seems to be in  the speed field. If the 
speed and moisture fields were ornit'ted  from  these  charts, 
there would be little  to  suggest  that  heavy  rainfall would 
oc(*ur over  southern  Florida. 

There  arc  several  features which are worthy of note. 
The decrease  in  speed  in  the  low-level  winds as they blew 
towwrd shore was undoubtedly a contributoryv cause of 



. 

I 
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the  rain.  Note also the  change  at, 250 rnb. between 0300 
GMT arid 1500 GMT on the 21st (figs. 3B and 4h). The 
streamlines became more  northwesterl>- and t'he  jet  stream 
very  pronounced by 1500 GMT, a t  about, t,he time the heavy 
rains  began.  Apparently the jet moved  eastward  across 
the state  and weakened by 0300 GMT on the 22d, (fig. 4B) 
which is about 3 hours  after the end of the heavy  rain. 
The  dot (figs. 3, 4, and 5) locates  the area in which the 

r:tinfdl was in excess of 21 inches. This  was on the low 
pressure  side of the  jet  stream arid in  advance of t'he 
maximurn  wind s p e d  (fig. 4A). This is one of t'he areas 
(relative to the  jet  maximurn) and the  preferred  one  where, 
from  vorticity considertltions, one would  expect to find 
divcrgencc at  the  upper levels [2,3,4]. The  argument of 
t,his paper is tmhat  the  heavy rainfall  was  caused by the 
coineidence of divergence a t  high  levels  over the area of 
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convergence at' t'lle lower  levels. It is the  wind speed 
field which  seems to  bear the greatest'  causal  relation t'o 
what  happened  in  the  weather. 

3. HORIZONTAL.  DIVERGENCE  COMPUTATIONS 

The  results of the  computat'ions of horizontal  divergence 
made  from  t'he  analyses  are  presented in  figure 5. The 
divergence and  vorticity were each computed wit'l-1 a 
Graham  computer [ 5 ]  for  an  equilateral  triangular  area of 
approximately 120 nautical  miles  altitude  centered on 
each point'  in  the  grid shown in figure 6. (Vorticit'y ch:trt's 

FIGURE S.-Iliverge~~ce (solid  lines) and 
convergence  (dashed lines) irr units of 
10" hr." for  the 250-1nb. level (upper 
chart of each  pair)  and  the  2,000-ft.  level 
(lower chart). (A) 1500 GMT, Jan. 20; 

Jan.  21; (I)) 0300 GMT, Jan. 22; (E) 1500 
GMT, Jan. 22, 1957. Black dot  shows 
location of heaviest rail). 

(B) 0300 GRIT, Jan. 21; (c) 1500 GMT, 

are  not  reproduced.)  Since  the  subjective  analyses of the 
isogon m t l  isotxh  charts influenced the  computations, 
each of the  wind  charts was analysed by three  analysts 
working  indepentlent~ly.  Although  there were  differences 
in  vnlues of divergence  and  vorticit'y a t  given  points corn- 
putetl from the  three  independent' isogon and  isotach 
malyses,  locations of areas of rnaxirnunl and  minimum 
divergence  were  approximately  the  same  for any  given 
tirnc. 

Considerat'ion of thc  vertical  moisture  gradient  existing 
over  southern  Florida at  the  time  makes it clear that  it 
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was  necessary to  have convergence  in  the  first few thousand 
feet  above  the  surface  and  ascending  motion  high  into 
t'he  troposphere  for sufficient moistmure  to be removed 
from  the  air t'o account  for  the  heavy  rains  observed. 
Thus for the period  and  area of heavy  rainfall  t'here 
st~ould have  been  appreciable  convergence  in  the lower 
layers  (e.g., 2,000 feet),  and  in  the  upper  layers  (e.g., 
250 mb.),  and  only  one  important  layer of non-divergence 
in  between. At  the 250-nib. level,  from  1500 GMT, 

January 20, to 0300 GMT, January 21 (fig. 5A-C), the 
strong  area of divergence  was  building  up  in  the  eastern 
and  northeastern Gulf of Mexico  for about 24 hours 
before the  heavy  rains  began.  At 1500 GMT January 21, 
the  area of divergence  reached its maximum  intensity 
and  moved  across  sout,hern  Florida.  By 0300 GMT on 
the  224 (fig 5D) by which time  the  rain  had  about 
stopped,  the  divergence  had  decreased  in  intensity  and 
moved off t8he  southeast'ern  coast of Florida. 

At  the lower  level the  area of Convergence  which was 
located off the  southern  Florida  coast' a t  1500 GMT, 

January 20, (fig. 5A) expanded  and  moved  westward 
until  the  leading edge  was over  Lake Okeechobee by 0300 
GMT, January 21. At 1500 GMT, January 21, (fig. 5C) 
the  area of convergence had become  better  organized 
with a more  intense  center just  east of West  Palm  Beach. 
At 2100 GMT on  the 21st  (chart  not  shown),  the cerlt'er 
was  about 30  miles  northwest of Miami  with  greater 
values than  those  shown  for 0300 GMT on  the 22d  (fig. 5D). 
From  this  series of charts,  indications  are  that  the  convcr- 
gence at  low  levels  intensified  rapidly  sllort'ly  after  1500 
G m  and  moved  westward  across  southern  Florida,  and 
then  dissipated,  except  for  a smdl  area  along the  coast 
just  north of West  Palm  Bcach, bet'ween 0300 and 1500 
GMT January 22. 

Computations of divergence,  necessary  to  account  for 
the  observed  rainfall,  can  be used as  an  order of magnitude 
check on  divergences  computed  from  t'he  analyzed  wind 
fields. To a  reasonably close approxinmtion 

where Di is  the mean divergence  in the inflow layer, g is 
acceleration of gravit'y, R is rainfall  rate, Api is difference 
in  pressure  between  top  and  bottom of t,he inflow layer, ai is mean specific humidity of air  in  the inflow layer, 
and pu is specific h u n d i t y  of moisture flowing out of the 
rain  area.  From 1500 GMT January 21 until 0300 GMT 

January 22, average  areal  rainfall  for  a  triangle of t'he 
size indicated  in  figure 6 in  the  area of greatest  rainfall 
was about 0.1 cm./hr. If Api=150 rnb., iji=ll gm. 
kg." (indicated by  the  soundings),  and q,=3 grn. kg." 
(assumed) the convergence  in the inflow layer is approxi- 
mately 8x10-2 hr.-l.  This is the  same  order of magni- 
tude  as  the  maximum  values of convergence  on the  charts 
in figure 5. At  the  Dan  Smith  farm,  rain fell at  the  rate 
of about 9 cm.  hr.-l  between  11  a.m.  and 4 p.m. If the 
same  assunlptions  for Api,  pi, and qu are  used,  the  mean 
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FIGURE 6.-Grid for which divergence computations were made. 
Computations were made  for  areas  the size of the  triangle, 
centered at each  heavy  dot'. 

convergence  in  the inflow layer is approxinlately +7.4 
llr.-l.  This is obviously  much  greater  than  any  conver- 
gence indicated  by  the  wind  reports,  and  mass  compensa- 

TABLE 1.-Horizontal divergence (10-2 hr. - I ) ,  January 20-22, 1957 

~ January 20 ~ Jam: 21 ~ January 22 
Height l o 3  ft .  ___-____ 

1.500 C M T  0300 4MT 1.500 O M T  0300OMT I 1500 O M T  

A .  Miami, Cocoa, Grand Jiahsma Triangle 

5 . 4 0  
-2.70 I 5.83 1 15.05 

0. 11 13.75 
-0.54 I 5.83 

9.11 
4.14 3.56 

-3.49 

16.20 
8.96 5.  54 

7.20 
8.93 
4.  10 

-0.54 8.  81 
1.12 ............ 
1.69 ............ 

-5.94 
25.70 
32.72 
24. 12 
18.61 
21.38 

"2. 9Y 
1.12 

-6.84 
-7.20 

-11.45 
-12.85 
-4.64 
-6.44 
-8.32 
-2.48 
-5.11 
-7.67 
-7.63 

-1.04 
8. 82 

19.76 
8.68 

-2.66 
0.22 

14.54 

15.05 
5.04 

11.95 

-0.54 
9.40 

-2.99 
4.03 

-0.40 
-8.42 

-10.69 
-3.02 

- 10.04 

-34.20 
1.44 

10.19 
1. 40 
3. 13 

0.61 
"3.24 
-1.55 
"7.20 

2.  59 
4.46 

-1.73 
1. 70 

0. 32 

4. 61 
"1.80 

........... 

-4.18 

""....... 

-4.72 
1.08 

-12.35 
-3.31 

-1.40 

20.59 
11.63 

12.92 

-6.84 
11.27 

-21.49 
"3.49 

-17.89 

-3.85 
-9.43 

-5.26 
0.58 
1.69 

"2.38 

-19.66 
"8.17 

-4.72 
19.84 

-4.00 
0.50 

-3.38 
0.07 

11.02 
11.74 
16.42 

-0.04 
1.08 

-6.66 
-8.71 
"2.41 

0.76 
-4.32 

5.81 
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tion in the  vicinity of the  torrential  rain  must  have 
taken  place  within a much  snlaller  area  than  that of the 
triangles  considered  in  this study. 

To check  t'he validity of t'lle divergence  computations 
which  were made  from  subject'ive  analyses,  the  winds a t  
Cocoa, Grand  Bahanla, ITiurni, and  Tampa were  used  t,o 
compute  in  an  objective  manner  the  divergence  for  two 
t,riangular  areas [6]. In  table 1 the  result's of these co~n-  
putations  are  presented  for  the  same  times  as  the 250-rnb. 
and 2,000-ft,. charts.  Table  IA gives the  divergence com- 
putat'ions for the  hfiarni,  Cocoa,  and  Grand  Baharna 
triangle.  Table 1B is for  the A h m i ,  Cocoa, Tampa  tri- 
angle. xo te   a t  1500 GMT on the 21st,  near  the  tinle of 
the beginning of the  heavy  rain,  the  extremely  large  values 
of divergence at' upper  levels  and  the  convergence a t  low 
levels. In  general  the  objective  computations of divcr- 
gence support  the  more  det'uiled  cornputations  based  on 
the, subjectJive  analyses. 

The  vertical  motion  (averaged  over  the  area)  can  be 
conlput'ed from the divergence  values  given in table I 
by using the t!rapezoidal rule [6], 

where w is vertical  velocity, p is densit'y, D is divergence, 
subscripts n and  n-1  refer  to  levels, and Az is thicltncss 
of layer.  These  computations  can be made  either by 
letting w,=O or  by  assuming w at   the height of thc 
tropopause  (about 40,000 feet) to be the  same as the 
mean  change  in  height of t'he  tropopause  for a 24-hour 
period centered  on  time of observation.  Maximum 
vertical  velocities  given  by t'hese computations  arc  given 
in  t'able 2. In  three of the  four cases the  maximum 
tropospheric  vertical  velocities  computed  from  the two 
different boundaries  are of the  same  order of magnitude. 
Differences are  probably  due t'o the  winds  at  t'he  vertices 
of the  triangles  not  being  completely  representative of 
the  wind field along  the  sides of the  triangles or of the 
layers  between the  reporting  levels,  or to wind  direction 
being reported  only  to 10 degrees. 

In general the changes  in  t'he  divergence  patterns  about 
the  time of heavy  rainfall were more  prominent at   the 

TABLE 2.--Vertical motions (em.  sec."), January  21-22, 1957 

Miami,   Tampa,  Cocoa Miami Cocoa Grand 
triangle IIahkma  triknglc 

____" 
1500cMT 0 3 0 0 c ~ ~  

Jan.21  Jan.  22 Jan. 21 Jan. 22 
1500enr~ 0 3 0 0 0 ~ ~  

- 

Maximum  vertical  velocity  in  tro- 
posphere  computed  with 2~'0=0-...-( +2 1 +13 1 +18 1 +4 -______ 

Maximum  vertical  velocity  in  tro- 
posphere  computed  by  assuming 
tu at 40,000 feet = w of tropopause" ! +26 1 $5 1 +37 I +SO 

+ 
I 

T 85- 

SHEAR VECTOR 
10,000 - 35,000 FT. 
1500t 21 JAN. 1957 

B 
-, "2y-c "f "t 

, 
- 

FIGURE 7.-Vertical wind shears (kt.) 10,000-35,000 feet. (A) 
0300 GMT, Jan. 21 ; (B) 1500 GMT, Jan. 21 ; (c) 0300 GMT, Jan. 22, 
1957. 

upper  than at   the lower  levels. The  time  changes  in 
the  maximum  vertical  velocities  computed on the  assump- 
tion that w a t  40,000 feet  equals w of tropopause  were 
more closely correlated  with  changes  in  intensity of the 
rainfall  in  the  respective  triangles  than were the  maximum 

*Mean  rate of change of height of tropopause for 24-hour  period  centered  on  time of 
observation. velocit'ies computed  with w,,=O. Thus, for this case, 
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changes  in  the  divergence  patterns  in  the  upper  troposphere 
gave  strongest  clues  concerning  rainfall  prediction. 

4. VERTICAL  WIND  SHEAR 

The  vertical  wind  shear  was  very  st’rong  on  the  day of 
the,  rainfall. I n  figure 7 we have  the  cbarts  fronl 0300 
GRIT on the 21st  t8hrough 0300 GMT on the 22d. The 
10,000-35,000-ft. wind  shears  range in value  from 36 to 
100 kt’.  in tlris period.  These  shears,  just as did t,lle divcr- 
gence computations,  strongly  suggest’  that’  extreme  vertical 
motion  was  taking  place [7, 81. The st’rong shears indicalte 
intense  thermal  gradients and t’he  observed  winds  should 
have  caused  greater  advective  warrning  in t h e  upper 
troposphere  than  vas recorded a t  fixed  levels.  Therefore, 
the shears give  irldicat’ions of :rscending mot’ioll. 

5. CONCENTRATION OF RAINFALL 

It is believed that,  juxtaposition of l a d  and water 
masses helped  keep the  heavy  rainfall  in t,he relatively 
snlall  area  between  West’  Palm  Beach and IJ:dw Okee- 
chobee  for  several hours. Particularly in the  low levels 
the  winds  would be subject  to less frictional  drag wllilc 
blowing  over the ocean  surface  than  over land. Thus 
t’lle air  blowing  from t’he ocean  to  land  naturally  n-ould 
have  established  convergence  patterns  near  the coast’. 
As tlle  air  again blew over wat,er, i.e.,  Lake Okeecl:obee, 
t,llere  would have been an accelerat’ion of the mind speed 
and increased  divergence  due  to less frictional  drag.  The 
radar  pictures [I] (also see fig. 2 )  indicate that  for  several 
hours  small  showers  developed  near and just  east of t’he 
Atlantic  Coast,  moved  westward  into  t’he hard core rain 
area, and  dissipated as they  moved  farther  westmml. 
This suggest’s that, t’he  low-level  wind field was triggering 
t,he  showers and t8tlat  the high-level  wind field with  its 
intense  divergence pattern was accelerating the  vcrtical 
motion  and  causing  tlle  rain  to  be so heavy. 

6. CONCLUSIONS 

Synoptic  evidence  supports  the  hypothesis  that  the 
heavy  rain was caused by  the  superposition of :I high-level 
area of divergence  over it low-level area of convergence. 

The locat’ion of the  rain was influenced by  the location of 
the  land  and  water  masses. 

If we are t’o attempt  to forecast  such  heavy localized 
rainfall  and,  in  particular,  to  identify  the area in which 
the  heavy rainfall will occur, we will need  bett’er tech- 
niques  for  forecasting  the  formation  and  nlovernent of 
high-level jet  streams and particularly  the  microstructure 
features of thc  speed field in t8he jet  stream. 
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